Ration of food per capita of larval population is widely thought to limit mosquito production from container habitats, directly reflecting resource limitation. In this study, the importance of density-dependent resource limitation on larval Aedes triseriatus (Say) (Diptera: Culicidae) depended on the degree of microbial conditioning of senescent leaf detritus in surrogate tree holes. Density and ration strongly affected emergence, total female mass, and mean female mass of populations grown on leaves that had conditioned for 3 d, but had less impact when larval populations were grown on leaves that had conditioned for 1 mo. Ration per capita was a stronger predictor (50-94% of the variance) of all growth parameters measured for populations grown on leaves conditioned for 3 d compared with 1 mo (2-66% of variance), with the exception of development time. Larvae grew faster and to a larger body size on leaves conditioned for 3 d at low densities of larvae and a higher ration per capita. However, populations grown on leaves conditioned for 1 mo produced equal or more total mass and individuals of higher average mass than when grown on leaves conditioned for 3 d in treatments with low ration per capita. Well-conditioned detritus, representing the degree of microbial colonization of the organic material, must reflect the typical condition in tree holes with unconditioned leaves atypical. Therefore, results of this study suggest that experiments using well-conditioned leaves better estimate growth responses, including moderated density dependence and less importance of ration per capita, than experiments using unconditioned detritus.
Mosquitoes are some of the most important and widespread vectors of human pathogens, with 40% of medically important species utilizing natural or artificial container habitats for the aquatic phase of their lifecycle (Laird 1988) . In temperate areas, water-filled tree holes (Kitching 1971) provide habitat for many Aedes species, including the eastern tree hole mosquito and La Crosse virus vector, Aedes triseriatus (Say) (Diptera: Culicidae). Food webs in the tree hole ecosystem are supported by allochthonous detritus, predominantly in the form of senescent leaves, other plant parts, and dead invertebrates. Mosquito larvae feed on the microorganisms associated with this detritus and in the water column (Fish and Carpenter 1982 , Walker and Merritt 1988 , Kaufman et al. 2001 , Kaufman and Walker 2006 ). Detritus appears to be a critical resource as removing it altogether has strong negative effects on mosquito success (Walker et al. 1991 , Lounibos et al. 1993 , Leonard and Juliano 1995 , but see Walker and Merritt 1988) , and detritus quality and quantity influence mass at metamorphosis (Fish and Carpenter 1982 , Carpenter 1983 , Walker et al. 1997 ) and oviposition site selection (Fader and Juliano 2014) .
Per capita availability of detritus is important to mosquito growth success, suggesting density-dependent resource limitation in tree holes, yet quality of detritus is also an important driver of mosquito production from these habitats (Carpenter 1983; Hard et al. 1989; Lounibos et al. 1993; Walker et al. 1997; Kaufman et al. 2002 Kaufman et al. , 2010 Kneitel 2007) . Additions of nutrient-rich resources, such as carcasses of insects and flower parts, stimulated mosquito production in containers (Yee and Juliano 2006 , Harshaw et al. 2007 , Yee et al. 2015 and made up a significant portion of mosquito diets in the field . Mosquito production responded similarly to qualitative differences among leaf types (Fish and Carpenter 1982, Walker et al. 1997 ). Higher quality detritus can moderate the effects of quantity and larval density as well; for example, mosquito growth performance on fresh leaf detritus was better and density dependence was less severe than on senescent leaf detritus when mass and species of leaf were equilibrated (Walker et al. 1997) .
Leaf litter in freshwater undergoes a predictable sequence of chemical and biological processes that affect the quality of the material for aquatic invertebrates that use it as a food resource (described by Kaushik and Hynes 1971) . The processing continuum begins with the leaching of soluble compounds followed by the accumulation of microbial biomass associated with the detritus, a process called conditioning (Barlocher and Kendrick 1975) . Microbial conditioning may improve litter quality for aquatic invertebrates that utilize it by increasing nutrient content via immobilization (Cheever et al. 2013) , softening detrital material via exoenzyme activity Klug 1980, Suberkropp et al. 1983) , and increasing palatability Klug 1976, Lawson et al. 1984) . Eventually, labile leaf compounds become scarce and microbial abundance declines, leaving behind a residual of highly refractory organic material with a slow rate of decomposition. The duration of each stage in the conditioning process depends on a suite of factors but typically ranges from weeks to months (Webster and Benfield 1986) .
Even without subsidies of high nutritional content, mosquitoes in container habitats, such as tree hole mosquitoes, experience a changing template of resource quality during the larval stage. For example, upon immersion in water, both fresh and senescent leaf detritus rapidly leaches labile nutrients of high nutritional quality to larval mosquitoes (Walker et al. 1997 . Once this material has been leached, the remaining refractory material must provide the substrate for microbial colonization and the resource base for larval mosquito nutrition. Building upon this postulate, our objective was to observe the effect of the stage of microbial conditioning on mosquito success; in particular, to measure whether the process of microbial conditioning altered the relationship between per capita ration of detritus and the corresponding growth response of larvae. Larvae rely heavily on leaf-associated microbial biomass for food (Kaufman et al. 2001) ; therefore, we predicted that well-conditioned leaves would support more mosquito production than those in the early stages of conditioning. We also predicted that leaf condition would affect density-dependent resource limitation with stronger limitation of populations grown on early compared with well-conditioned leaves.
Materials and Methods
Seventy-two containers were constructed from lengths of PVC pipe with a cap sealed at one end and pipe insulation glued to the outsides (Walker et al. 1991) . Senescent American beech (Fagus grandifolia Ehrh. [Fagales: Fagaceae]) leaves collected from a single tree were dried at 50°C for several days and petioles were removed. Thirty-six containers received rations of 1 g of dried leaf mass and the remaining 36 received 2 g. To create leaves of short and long conditioning times, 300 ml of deionized water and a 1-ml aliquot of water collected from a natural tree hole were added to containers 3 or 30 d prior to larval addition, respectively (referred to hereafter as 3D and 1M condition treatments). Containers were covered in black mesh and incubated at 25°C with a 12:12 (L:D) h cycle during the conditioning period.
Following the conditioning period, water was drained from the containers to remove the leachate and thereby isolate the conditioning treatments, and replaced with 300 ml of stemflow water collected from a beech tree during a summer rainstorm. The stemflow water was screened with 1 mm mesh to remove debris, stored at 5°C, and brought to room temperature before addition. Early instar (24 h post hatch) Ae. triseriatus larvae from a laboratory colony derived from a population in Michigan, USA (Walker 2016) were added to the containers in densities of 0, 30, or 40 larvae/container-creating treatments of 0, 15, 20, 30, or 40 larvae per gram of leaf mass within each condition type. We chose this species because it is a common and widespread tree hole breeding species in the eastern United States (Jenkins and Carpenter 1946) , is of medical importance as a vector of several human diseases including La Crosse and eastern equine encephalitis, and is easily reared in laboratory containers. Larval densities were selected to create habitats with varying degrees of resource limitation based on previous work with these types of containers (Walker et al. 1991 , Walker et al. 1997 , Kaufman and Walker 2006 . Containers were covered and incubated as during the conditioning period. Water levels were checked periodically and stemflow was added to compensate for evaporative loss as necessary. The resultant experimental design was factorial, with two leaf masses, two conditioning treatments, and three larval densities. Each treatment was replicated six times. Note that treatments with zero larvae were used in a concurrent experiment investigating the effects of larval grazing on microbial community structure and are not considered here.
Containers were checked daily for pupa. Pupae were removed with a pipette and placed into individual cups until emergence. Adults were captured, frozen, dried at 50°C for at least 24 h, sexed, and weighed to the 0.01 mg (Sartorius M2P microbalance, Sartorius AG, Goettingen, Germany). Containers were removed from the experiment when fewer than 10% of the larvae remained or when no pupa had been produced in more than 7 d. Remaining leaf material was rinsed with deionized water, dried at 50°C for at least 48 h, and weighed.
The response variables quantified were percent emergence, total adult male and female mass, male and female development time, and mean adult male and female mass. Multivariate analysis of variance (MANOVA) with Wilks' Lambda calculations was used to assess the response of mosquito variables to condition (3D or 1M), ration (1 or 2 g), and density (30 or 40 larvae). Three-way analysis of variance (ANOVA) tests were used to assess the response of individual mosquito variables across treatments, with condition, ration, and density as main factors. Due to numerous significant interactions among factors, these variables were compared within each condition treatment using two-way ANOVA with ration and density as main factors. Tukey pairwise comparisons were conducted when ration by density interaction terms were significant (α = 0.05). Assumptions of normality and homoscedasticity were tested using Shapiro-Wilk and Brown-Forsythe tests, respectively. Tests that did not meet assumptions are identified in the text, but are included as F tests are robust to assumption violations (Schmider et al. 2010) .
Linear regression was used to analyze the effect of ration per capita (g initial leaf mass/larva) on mosquito success in treatments with short and long conditioning times. The rate of leaf mass conversion into mosquito biomass was estimated by regressing leaf mass lost (mg) with total female and male biomass (mg) in both condition treatments. The slope of these relationships (mg biomass/mg leaf mass) describes the mass of leaf required to produce 1 mg of adult biomass. General linear models were used to compare the slopes of linear relationships between condition treatments. Linear regression assumptions of normal residual distribution, residual homoscedasticity, and residual autocorrelation were assessed visually and tested using the Shapiro-Wilk test, Brown-Forsythe test, and Durbin-Watson test, respectively. When an individual test failed, it is noted in the text or table. ANOVA, linear regression, and general linear models were conducted using SigmaPlot with Sigmastat integration (v. 13). The MANOVA was conducted using proc GLM in SAS (v. 9.4).
Results
All containers (except those with 0 larvae, no longer considered here) produced adults, with emergence ranging from 10 to 90% and time to adult emergence ranging from 12 to 41 d across all treatments. Males were collected from all containers, whereas eight containers did not produce females. Containers that did not produce females are not included in mean female mass calculations and have a value of zero for total female mass calculations.
Conditioning was consistently an important determinant of the measured mosquito variables according to the multivariate and univariate tests, either as a main effect or as part of an interaction (Tables 1 and 2 ). There were significant interactions between leaf condition and density and/or ration for percent emergence, total male and female biomass, male development time, and mean male and female biomass ( Table 2) . Only female development time was not affected by interactions among the factors, although the interaction between leaf condition and larval density was marginally insignificant (P = 0.056; Table 2 ).
In the 3D treatments, mosquito variables were affected by ration and density, although these factors had different effects on mosquito responses (Fig. 1 ). Both ration and density affected percent emergence with a marginally significant interaction ( Fig. 1A ). Density affected emergence in treatments with low ration, where emergence from low-density treatments was double that of high density treatments (Tukey post hoc comparison, P = 0.002). Ration was important in high-density treatments, where emergence from high ration treatments was roughly double that of low ration treatments (Tukey post hoc comparison, P < 0.001). High ration treatments produced higher total female mass than low ration treatments, and total female biomass was higher in low-density treatments compared with high-density treatments (Fig. 1B) . The total male adult biomass produced from high ration treatments was also higher than low ration treatments, although the magnitude of this difference depended on density (Fig. 1C ). Females and males developed faster in high compared with low ration treatments with no density effect on either sex ( Fig. 2A and B) . Mean female and male mass was influenced by both ration and density ( Fig. 2C and D) with larger individuals in high ration, low-density treatments.
Mosquitoes responded differently to ration and density in 1M treatments. Emergence was not influenced by ration or density ( Fig. 1D ) and neither was the total amount of female mass produced (Fig. 1E ). Total male biomass did respond to ration, with higher male biomass in high ration treatments (Fig. 1F ). Ration and density influenced female development time ( Fig. 2E ) with faster development in low-density treatments and high ration treatments. Male development time did not respond to changes in density, but was faster in high ration treatments (Fig. 2F ). Females and males were heavier in low-density treatments and males were heavier in high ration treatments ( Fig. 2G and H) .
To elucidate the interaction of ration and density, or densitydependent resource limitation, with the leaf-conditioning treatment, leaf ration and larval density were combined into a single continuous variable, which expresses ration per capita (g ration/larva). Leaf condition consistently modified the effects of density-dependent resource limitation on mosquito success when considering this derived variable (Figs 3 and 4 ; Table 3 ). In 3D treatments, ration per capita positively affected emergence, total female and male mass, and mean female and male mass, explaining over 50% of the variance across variables. The slopes of these relationships were steeper in 3D treatments than that in 1M treatments, significantly so for total female mass, mean female mass, and mean male mass. In contrast, in 1M treatments, neither percent emergence nor total female mass responded to increasing ration per capita and while total male mass and mean female and male mass significantly increased with increasing ration per capita, less of the variance was explained by these relationships in 1M than 3D treatments. Leaf-conditioning time affected larval development time in relation to ration per capita differently than it affected emergence and adult mass. Female and male development time decreased with ration per capita in both condition treatments ( Fig. 4A and B ). Ration per capita had a stronger effect on female development time in 1M treatments, where ration per capita explained 66% of the variance in female development time compared with 24% in 3D treatments. The slopes of these relationships differed between condition treatments for both female and male development time (Table 3) .
Leaf condition subtly affected the conversion of leaf biomass into mosquito biomass (Fig. 5 ). There was a positive relationship between total adult mass and leaf mass lost in both condition treatments, that is, as more leaf mass was lost to decomposition, more total mosquito mass was produced (linear regressions, n = 24; 3D treatments: total adult mass = −1.895 + 0.0367 × leaf mass lost, r 2 = 0.329, P = 0.003; 1M treatments: total adult mass = −2.571 + 0.0209 − leaf mass lost, Fig. 1 . Mean (±SE) emergence, total female mass, and total male mass from 3D and 1M treatments. P values for main factors and interactions are displayed in the panels, with significant P values bolded. Asterisks denote significant differences between density treatments within the same ration and lower-case letters denote differences between ration treatments within the same density as determined by Tukey post-hoc comparisons when interactions were significant. The ANOVA for total male mass from 1M treatments did not meet the assumption of normality. r 2 = 0.467, P < 0.001). The slopes of these relationships were statistically similar between conditioning treatments (general linear model, condition × leaf mass lost term, F = 1.940, P = 0.171).
Discussion
The degree of microbial conditioning modified the effects of larval density and resource availability on cohorts of Ae. triseriatus. Note that during this discussion, we use the term 'conditioning' in the context of the leaf-processing continuum (sensu Kaushik and Hynes 1971) , specifically the modification of the leaf substrate by microbial colonization. Mosquito production showed strongly densitydependent resource limitation when larvae grew on leaves in the early stages of conditioning, as evidenced by the significant impacts of ration and density on emergence, total female and mass, and mean female and male mass, as well as the negative relationships between leaf ration per capita and the same variables. By contrast, densitydependent growth was unapparent on well-conditioned leaves and, overall, mosquito production was less but not substantially so. Rather, growth responses differed between these conditions.
Populations of Ae. triseriatus in laboratory tree hole surrogates are often resource limited (Fish and Carpenter 1982 , Carpenter 1983 , Walker et al. 1997 ) and resource quality can alter the dynamics of this limitation. For example, Walker et al. (1997) observed increased survival and adult mass when larvae were provided fresh compared with senescent leaves and decreased development time when larvae were provided unleached compared with leached leaves. These results were attributed to higher nitrogen, protein, and labile carbon content in fresh compared with senescent leaves and the removal of soluble nutrients via the leaching treatment. Others have shown that supplementing tree hole surrogates with high-quality resources, such as invertebrate animal carcasses Juliano 2006, Yee et al. 2015 ), can increase mosquito success, particularly when other resources are in low supply (Harshaw et al. 2007) .
The alteration of the density-dependent growth response in treatments with longer-conditioning time is similar to that observed in the studies above, suggesting that leaves in the two condition treatments were of different quality. Production was more drawn out over time, even across larval densities (Fig. 3) . This observation is consistent with the classic framework of Kaushik and Hynes (1971) that posits that microbial conditioning alters the quality of detritus as an invertebrate food resource. Microbial biomass is an important component of the diet of larval mosquitoes (Fish and Carpenter 1982, Walker et al. 1991) . It is not surprising, therefore, that leaves conditioned for longer times, or those well colonized by microbes (Kaushik and Hynes 1971) , dampen resource limitation. Conditioning also increases the palatability of the leaf material itself (Barlocher and Kendrick 1975, Lawson et al. 1984) , which may play a role in larval development as larvae may derive some nutrition directly from leaf biomass (Carpenter 1982) . Conditioning diverts leaf carbon from macroinvertebrates to microbial respiration, which could represent a loss to larval mosquitoes in the present context. However, the dampening rather than the amplification of densitydependent resource limitation in 1M treatments suggests that carbon loss due to microbial respiration did not negatively affect larvae.
Our results suggest that microbial conditioning during the course of decomposition has different effects in tree holes than in headwater streams, the ecosystem used to develop the leaf-processing framework (Kaushik and Hynes 1971) . In streams, conditioning increases the nutritional value of detritus as a food source via nutrient immobilization, breakdown of complex carbon, and other mechanisms previously discussed. This phenomenon is often conceptualized with the 'cracker and peanut butter' analogy, where conditioning increases the proportion of the nutritious peanut butter relative to the cracker substrate, and can affect macroinvertebrates at spatial scales as fine as patches on a single leaf Suberkropp 1985, Chung and Suberkropp 2009 ). Ultimately, conditioning in streams changes their food quality. On the basis of our results, we suggest that conditioning of detritus in tree holes may affect the quality of the entire habitat, not just the resource. Tree holes obviously have a much smaller volume and longer residence times for Fig. 3 . Linear relationships between percent emergence, total female mass, total male mass, and ration per capita (g leaf/larva) in 3D and 1M treatments. Dashed and solid lines depict linear regressions 3D and 1M treatments, respectively. Regression equations are given in Table 3. both leaf detritus and water compared with streams, likely making benthic processes integral to water column dynamics (Findlay 1995) and thus mosquito production.
Specifically, we suggest that leaves with different degrees of microbial conditioning affect habitat quality differently, leading to the differential effects we observed in our study. Leaves in 3D treatments likely still contained soluble materials that may enhance the nutritional quality of the water column, stimulating production of water column microbes . This increased food availability may allow larvae in early-conditioned leaf treatments to develop faster and gain more mass with little loss of leaf material. Leaves in 3D treatments may have also stimulated the abundance and production of protozoa, organisms important to larval diets (Kaufman et al. 2002) . In contrast, the development of larvae grown on leaves from 1M treatments may have been delayed due to the low water column microbial abundance during early instars, but plentiful leaf-associated microbial resources may have promoted survival and weight gain for older instars.
This proposed mechanism may explain one of the key findings of our study: the fact that while leaves from 1M treatments alleviated density-dependent resource limitation, leaves from 3D produced more total biomass and larger mosquitoes than well-conditioned leaves in high ration per capita situations. If leaves conditioned for longer times are of higher quality than those conditioned for shorter times, one would expect enhanced mosquito performance on longconditioned leaves across all ration per capita values. However, if leaf condition affects the water column and detritus differently (i.e., short-conditioned leaves enhance water column quality and longconditioned leaves enhance benthic quality) as we propose, our results may indicate differential density effects between these two components of the tree hole habitat. Specifically, density, or ration per capita, may be a stronger driver of water column resources than on leaf surface resources. Our results suggest, but do not demonstrate, this mechanism and other studies have shown variable effects of larvae on water column communities (Kaufman et al. 1999 (Kaufman et al. , 2001 (Kaufman et al. , 2002 . None, to our knowledge, have directly addressed resource limitation in the water column versus the leaf litter layer. Eisenberg et al. (2000) showed that the western tree hole mosquito, Aedes sierrensis (Ludlow) (Diptera: Culicidae), switches between filter feeding in the water column and browsing leaf surfaces depending on prey availability in these two compartments, suggesting that the relative quality of these compartments can affect larval behavior and presumably density dynamics. This is an area requiring further study.
The availability of detritus of various condition likely varies temporally. In temperate areas, well-conditioned, well-leached leaves likely dominate detritus pools in tree holes in early spring following the first thaw, with fresh leaves entering during the course of the summer and fall. Therefore, Ae. triseriatus larvae from early hatches are likely exposed to different habitat quality than those hatched later in the summer. When ration per capita conditions are limiting, our work suggests that early hatches may produce more adult biomass, while later hatches may develop faster; these predictions need to be tested in the field. In addition, other factors such as temperature, predation, and stochastic resource inputs likely influence conditioning dynamics in tree holes and the effects of these interactions on Ae. triseriatus production require further investigation. In light of our results, it is worth considering the way container mosquito species are studied. Most often, investigations of mosquito production, competition, and behavior use simulated container habitats, e.g., plastic dishes (Carpenter 1983) , beakers (Yee and Juliano 2006) , or insulated containers (Walker et al. 1991 , Paradise and Dunson 1997 , Kaufman and Walker 2006 . These simulated habitats are likely more realistic representations of nature compared with containers simulating other aquatic systems (Carpenter 1996) as they are often to scale. However, experiments using simulated container habitats often use detritus conditioned for 10 d or less (Carpenter 1983; Kaufman et al. 1999 Kaufman et al. , 2001 Kaufman et al. , 2002 Kaufman and Walker 2006; Yee and Juliano 2006; Yee et al. 2007; Pelz-Stelinski et al. 2010) , which lessens the realism of the tree hole environment. The contrast between simulated and natural tree holes may be particularly stark during mosquito egg hatches (spring and summer) as tree holes during these seasons likely contain leaves from the previous autumnal leaf fall that have conditioned over winter. Our results suggest that the use of poorly conditioned detritus may lead to an overestimation of the importance of intraspecific and perhaps interspecific competition as a driver of mosquito production. We suggest that incorporating a more realistic mix of well and earlyconditioned detritus resources into tree hole and other container surrogates will enhance the realism of experimental results. Table 3. 
